Color change, a measure of the ripening of pericarp disks of tomato fruits (Lycopersicon esculentum Mill. cv. Moneymaker), was delayed by osmotic water uptake. An even greater delay occurred when substances from the disks were allowed to leach out or to diffuse into agar, indicating the existence of a water-soluble substance(s) necessary for the ripening process. Osmotic solutions, allowing for more leaching, were more inhibitory to color development than the same amount of distilled water. The ripening process of tomato fruit disks can thus be disturbed by such processes as washing, infiltration, or incubation with solutions.
The study of factors influencing the ripening of fruits is hampered by the lack of uniform behavior between individual fruits and by the irregular distribution of applied materials through the bulky fruit structures. Surface application has the limitations of penetration and distribution through the fruit (1, 7). Frenkel et al. (4) improved penetration and distribution by vacuum infiltration of whole fruits. The problem of lack of uniformity among fruits has not been overcome, but Palmer and McGlasson (8) developed a model system using banana fruit slices. One of the advantages of this method is that several samples can be taken from the same fruit, thereby reducing the variation between samples. This method was successfully adapted to tomato pericarp disks (5) , and it was shown that patterns of respiration, ethylene production, and color development during ripening of the disks were similar to those occurring in the whole fruit. Therefore, one of these parameters can be used to determine the course of ripening. In the present study, which aims at evaluating the suitability of tissue disks for the study of tomato fruit ripening, the color change was used as a nondestructive measure of the degree of ripening.
MATERIALS AND METHODS
A specially selected line of tomatoes (Lycopersicon esculentiour Mill. cv. Moneymaker) which produces large, two-carpel fruit was grown under greenhouse conditions. The fruits were grown and selected according to the method of Lyons and Pratt (6) Harvested fruits were surface sterilized in calcium hypochlorite solution (2%w/ [wV\', available chlorine) for 10 min followed by five rinses in sterile distilled water with a 5-min soaking in the last rinse. Pericarp disks were cut with a 14-mm i.d. steel punch from the equatorial region of the fruits only and did not include the area of the septa between the locules. Unless stated otherwise, disks of uniform thickness were prepared by placing them skin down in holes in a 5 mm thick brass plate and removing the exposed inner part with a stainless steel blade. Fruit disks were not washed after cutting but were carefully blotted between two 9-cm filter papers which had together been wetted with 1.5 ml of water. Fresh papers were used for each fruit. Each disk was placed skin down in a separate 50-ml beaker containing a bed of 1.25 g of 1 mm diameter glass beads wetted with 2 ml of water, except where specified otherwise. A disk of thin plastic mesh separated the tissue disk from the beads. The open beakers were placed in desiccators lined with filter paper and containing 1 liter of sterile water. Agar blocks with the same dimensions as the pericarp disks were prepared by pouring 10 ml of hot agar into 5-cm Petri dishes and when solidified were cut wvith the 14-mm punch.
All manipulations from surface sterilizing to closing of the desiccators were carried out under aseptic conditions in a laminar air flow sterile work cabinet.
The closed desiccators were placed in a growth chamber at 20 C in darkness, except for the daily periods of observation. A continuous stream of humidified air, with or without ethylene, was passed through each desiccator at a rate of 500 ml/ min. The gas streams entering the desiccators were sterilized by passing through cotton filters. The required ethylene concentration was obtained by stepwise mixing of pure ethylene with air. Treatment 
RESULTS
Color Development. The development of the red color over the complete ripening sequence is shown in Figure 1A using fruits selected according to the color description of Workman and Pratt (10) . Similar changes were observed with harvested fruits ripening under the conditions of the pericarp disk experiments (Fig. 1B) and with isolated disks (Fig. 2) , except that the changes in the disks were slower. The pericarp disks also showed obvious softening. When disks were infiltrated or in contact with solutions or agar blocks, liquid could accumulate in the intercellular space, giving them a water-soaked appearance and changing their reflectance values. The ratio of W/R measured before and after vacuum infiltration of disks with water to remove essentially all air from the tissue was increased by a mean value of 0.2 + 0.1 units. Where appropriate, this value was used as a correction factor.
Response to Applied Ethylene. It is well established that ripening of intact tomato fruits is accelerated by ethylene treatment (6) . Palmer ne was still green. To confirm these observations, the skin of disks was kept dry or wet by altering the volume of water added to the beaker (Table II) . The color development of wet disks was always delayed, often showing hardly any progress during the experiment; likewise, the softening of the wet disks was retarded.
With these wet disks, there was considerable expansion of the inner part, while the skin remained at its original size. In extreme cases, the disks split radially along the vascular bundles. There was extensive cell proliferation at the split and also some at the cut surfaces-a reversion to a more juvenile and meristematic form seems to have occurred. In dry disks, however, or even those that increased their weight through water uptake by as much as 20 to 30%, cell proliferation did not occur. The observed delay in color development could be due to water uptake and cell expansion to a degree not normally associated with the ripening of fruits.
Color development was also inhibited in the absence of cell expansion by incubating disks in a slightly hypertonic mannitol solution (Fig. 2) . Disks from four fruits were distributed equally between beakers with 2 ml of water or 0.3 M mannitol ("dry disks") to show a slight, insignificant effect of the mannitol solution in the beaker on the color development, probably due to altered humidity in the beakers. When the skins of disks from another four fruits were just wetted by having 3 ml of water in the beakers, there was expansion and some inhibition of color development, whereas with 3 ml of mannitol there was no expansion but a much more severe inhibition of color development and softening. In the latter case, in which the ripening process was strongly retarded and incomplete, far more solution was present on the top surface of the disks and in the intercellular spaces than was the case with water, which was absorbed into the cells. This accumulation of solution in the intercellular space was further evidenced in experiments when disks were kept well above the water level in the beakers. On 3 successive days, 0.07 ml (approximately 10% of the disk weight) of water or approximately isotonic mannitol solution was added to the top of each disk, so that run off was avoided (Table III) . The water treatment, which led to cell expansion without proliferation, had little effect on color development, but mannitol inhibited it almost completely. Differences were significant at the 0.005 level. The (Table IV) . The degree of inhibition increased with increasing weight change, but in all cases the leached disks developed less color than those with comparable weight increases by added water, the differences being significant at the 0.005 level. This shows that leakage retards color development in addition to the inhibition due to water uptake.
The time course of the leaching effect (Fig. 3) indicates that even short times of leaching may cause significant inhibition of coloring. An approximately isotonic osmotic medium had a larger effect than that of distilled water.
Diffusion Experiments. Substances that can be leached out should also diffuse into agar blocks. Blocks of the same dimensions as the tissue disks were placed on top of the disks (Table   V) . There was extensive water uptake from the agar and inhibition of coloring. Whereas the water uptake was reduced by decreasing the osmotic potential of the agar to hypertonic levels, the color development was invariably inhibited to about the same extent. Highly purified agar gave the same inhibition as commercial grade.
The net transfer of water to the tissue disks was eliminated Wt increase in per cent of initial weight. by increasing the agar concentration (Table VI) , but color development still remained significantly less than in the controls. In eight subsequent experiments, 8% agar blocks gave an average inhibition of color development of 0.47 units, which is of the order of 40% of the normal color change, whereas the increase in disk weight was only 4%. By removing the agar blocks after various times of contact, it was shown that 12 hr was sufficient to cause a significant inhibition of color development (Table VII) .
DISCUSSION
With adequate control of humidity and water uptake, a normal development of color was obtained in pericarp disks taken from green tomato fruits with a degree of uniformity equivalent to that measured in disks taken directly from ripening fruits. Since color development is a reliable measure of ripening (5), its determination with pericarp disks is a valid technique for studying aspects of tomato fruit ripening. In our experiments, retardation of color development was invariably accompanied by a delay in softening which was, however, not instrumentally measured.
When disks were allowed to absorb water, this led, in extreme cases, to cell proliferation. In most experiments, care was taken to avoid cell division, and the water uptake was only osmotic. This osmotic water uptake considerably reduced ripening, as shown by the inhibition of color development in Tables IV and VI . Even without net water exchange, the color change and softening were progressively retarded, often leading to a failure to ripen completely.
Frenkel et al. (4) stated that pear fruits infiltrated with water do not ripen and that ethylene synthesis, chlorophyll degradation, and flesh softening were inhibited. Although they claimed the same parameters were not adversely affected by mannitol infiltration, there were substantial changes when compared with the air controls. Burg and Thimann (3) showed that soaking apple tissue in water for 60 min decreased ethylene production by 50 to 75%.
The disturbance of the ripening process by even a small water uptake has important implications for the use of the disk technique to study substances that influence ripening.
The appreciable inhibition of color development on short term exposure to liquids (Fig. 3) necessitates caution in studies on fruit ripening by the use of tissue disks, particularly when these are washed, infiltrated, or incubated with solutions.
Freeze-dried tissue powder was used to study effects of seed and placental tissue on ripening while avoiding wetting. This was not successful, as the osmotic potential of the powders caused plasmolysis of disk cells. Therefore, only highly purified extracts, reduced to a low volume with low concentration, can be used in these studies. The accumulation of osmotic solutions in the intercellular space of the tissue inhibited color development more than distilled water, indicating that media and additions should be as dilute as possible.
With the accumulation of mannitol solutions in the intercellular space, interference with gas exchange in the tissue is a possibility. However, increasing the oxygen tension up to 80% resulted in no significant difference in color development; in 100% oxygen, coloring was inhibited. In the diffusion experiments with agar blocks, ripening was inhibited when the intercellular space was unaffected, leaving the leaching of substance(s) as the only cause of the inhibition.
The occurrence in the pericarp of water-soluble substance(s) required for the color change used to measure ripening of tomato fruits is thus demonstrated. During the process of ripening of the tomato fruit, the permeability of such cell membranes as the tonoplast and the plasmalemma is unaffected up to the table-ripe stage (9) . There can be loss of solutes when tissues are soaked in water (2, 3) , but if loss of metabolites such as reducing sugars and organic acids was the determining factor in the inhibition of ripening, it should be possible to reapply these to the tissue disks. Attempts to rediffuse the substance(s) from used agar blocks back into fresh tissue disks failed to reduce significantly the inhibition of color development compared to that obtained with new agar blocks, pointing to inactivation or binding of some specific substance(s). The function of the substance(s) in the ripening process is unknown, but its water solubility makes it unlikely that it is a direct precursor in carotenoid synthesis. Because the effect also occurs in an atmosphere containing ethylene (Fig. 3) , the substance(s) is not involved in ethylene biosynthesis either. The isolation of this factor(s) required for the ripening process is in progress.
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